The bacterial community colonizing the gut wall of the termite Reticulitermes speratus was characterized without cultivation. Analysis of 16S rRNA genes after fractionation of the gut revealed that the bacterial composition on the gut wall was diverse and significantly different from that able to move unconfined in the gut fluid or physically associated with the gut protists. Actinobacteria, Firmicutes and Bacteroidetes were dominant on the gut wall, but Spirochaetes and the Termite group 1 phylum, abundant in the gut lumen, were relatively rare. A sequence-specific probe enabled the in situ detection of a rod-shaped Actinobacteria member, abundantly colonizing the gut paunch epithelium.
Introduction
Termites (Isoptera) are important insects in terrestrial ecosystems, playing a role in the decomposition of wood or plant litter [1] . They harbor diverse and dense microbial communities in their guts, consisting of both flagellated protists (eukaryotes) and prokaryotes, helping the digestion realized by their hosts (the termites). The relationship between termites and their gut microorganisms is a well-known example of symbiosis. Studies on the gut metabolisms and characterization of a number of isolated microbial strains have indicated the essential roles of gut symbionts in carbon and nitrogen flows in the gut environments (for reviews, see [1] ). However, the great majority of the gut symbionts is difficult to cultivate, rendering our knowledge of this symbiotic system limited. In the past decade, culture-independent molecular phylogenetic approaches have revealed that the gut microbes, particularly bacteria, are highly diverse, comprising a large number of yet uncharacterized species (for reviews, see [2, 3] ). One of the most extensively studied termites in terms of gut bacterial diversity is the termite Reticulitermes speratus, in which more than 300 bacterial phylotypes have been reported, representing >97% sequence identity of the 16S rRNA genes [4] [5] [6] , and whose diversity of gut bacteria is estimated up to around 700 species per individual termite. The gut microbial community of termites is highly structured in terms of spatial distribution of the symbionts. Physical associations of prokaryotes with the gut protists are frequently observed ( [2, 3, 7] and references therein), exemplified by ectosymbiotic spirochetes attached onto the cell-surfaces of protists. The phylogenetic identifications of these ectosymbiotic spirochetes are reported and reveal that they represent one of the dominant bacterial populations in the gut community [8] [9] [10] . The gut epithelium, or simply the gut wall, is also an important habitat of the symbionts. A dense colonization of prokaryotes is observed on the gut wall [11] . Methanogenic archaea exclusively inhabit the gut wall in the termite Reticulitermes flavipes [12] , whereas in other termites, they also occur within the cells of some protists. In R. speratus and Hodotermopsis sjoestedti, it is reported that methanogenic species on the gut wall and within the protistsÕ cells are phylogenetically distinct [13] . In contrast to the methanogens on the gut wall, little is known about other bacteria associated with the gut wall. The presence of bacteria in the Cytophaga-Flavobacterium cluster and of high G + C gram-positive bacteria that are detected with group-specific probes is reported on the gut wall of the termite Mastotermes darwiniensis [14] , but their precise phylogenetic positions based on molecular sequences have not yet been examined. Since gut physico-chemical conditions such as oxygen and hydrogen partial pressure are drastically changed toward the gut wall [15] , bacteria colonizing the gut wall are considered to be different from those able to move unconfined in the gut fluid or associated with the gut protists. Here we compared the bacterial community on the gut wall with that swimming freely or associated with the protists in R. speratus, based on the 16S rRNA gene sequences, and investigated the specific populations on the gut wall.
Materials and methods

Termite and fractionation of the termite gut content
The wood-feeding termite R. speratus (Rhinotermitidae) was collected in the vicinity of Ogose, Saitama, Japan. The termites used here and in a previous study [5] were collected in the same area. The guts of the termites were carefully dissected with sterile, fine-tipped forceps, and after removing the anterior portion (e.g. the foregut and the midgut), the hindguts were cut into pieces in solution U [9] . The gut wall was collected on a nylon mesh of 108 lm mesh size by filtration of the gut content as described previously [13] . The gut wall on the nylon mesh was washed at least three times with the solution. The cells in the flow-through of the filtration were centrifuged and used as the gut luminal fraction. This gut luminal fraction comprised free-swimming prokaryotes, flagellated protists and their associated prokaryotes. 200 Guts were used for DNA extraction after the fractionation. The DNA in each fraction as well as in the whole gut was extracted using ISOPLANT-II (Nippon Gene, Toyama, Japan) according to the manufacturerÕs directions. After adding the detergent NP-40 (Nacalai Tesque, Kyoto) at a final concentration of 1% to each fraction in order to disrupt the physical associations of the symbiont cells, the cells stained with 4,6-diamidino-2-phenyl-indol (DAPI) were counted in three independent samples by epifluorescence microscopy.
Terminal-restriction fragment length polymorphism (T-RFLP)
Bacterial 16S rRNA genes were amplified with 6-carboxyfluorescein (6-FAM)-labeled primer 27F [5] and primer 1390R (5 0 -ACGGGCGGTGTGTACAA-3 0 ). The PCR cycle consisted of an initial denaturation at 94°C for 1 min, followed by 20 cycles of denaturation (30 s at 94°C), annealing (30 s at 50°C) and extension (4 min at 72°C), with a final extension at 72°C for 10 min. The PCR products were size-fractionated by gel electrophoresis and purified from the gel using a Wizard PCR Preps DNA purification kit (Promega, Tokyo) according to the manufacturerÕs instructions. The purified PCR products were digested with AluI or HaeIII or HhaI (Takara, Otsu, Japan), and analyzed with an ABI3700 sequencer with a GeneScan-500 ROX size standard (PE-Applied Biosystems, Tokyo). T-RFLP electropherograms were analyzed with GeneScan v.3.5.1 (PE-Applied Biosystems, Tokyo). Replicate profiles for each condition were obtained. The sum of all peak heights of more than 50 fluorescence units in a T-RFLP profile was calculated as the total peak height. The peak height was then standardized among a set of three profiles (the gut wall, the gut lumen and the whole gut) by discarding the terminal-restriction fragments (TRFs) of less than 2% of the total peak height. Only the common T-RFs among the replicate profiles and their average percent peak heights were used for comparison. The profiles of the three restriction digestions were used at a time for the following calculations. For evaluation of shared similarity between communities, the Sørensen and the Morisita-Horn indices [16] were calculated using the EstimateS program (Colwell, RK, version 7.00, http://viceroy.eeb.uconn.edu/EstimateS). The former is an incidence (presence/absence)-based and the latter is an abundance-based index. The similarity index is a range of 0-1; the value is 1 when two samples are identical and 0 when there is no similarity between two samples. Diversity was evaluated using the divergence index MDt ¼ ð P p ðx k =3ÞÞ 2 , where x k is the ratio (0 < x k < 1) of the kth peak height in a single profile [17] . MDt increases when the sample is more diverse. Major peaks of T-RFLP were assigned to bacterial groups by comparing the observed T-RF sizes with those predicted from the sequences of the clones.
Clone analysis
Clone libraries of 16S rRNA genes were established in each of the gut wall and the gut luminal fractions from the PCR products obtained as described above, but with the non-labeled primer. The PCR products were cloned into the pGEM-T vector (Promega, Tokyo). Randomly selected clones from each library were partially sequenced in both DNA strands, first with primer 520R [18] and then with T7 or SP6 primer (Promega, Tokyo), using an ABI3700 sequencer. Artifact chimeric sequences were detected as described previously [18] , and removed from the analyses. The sequences determined in this study will appear in the nucleotide sequence databases under Accession Nos. AB198443-AB198664. Sequence data were processed and aligned using the ARB software with the database ssujun02 [19] , and checked manually. The distance matrix was generated with the ARB software using the 16S rRNA positions 28-451 of Escherichia coli (the database accession number J01695). The clones were sorted into phylotypes using the program DOTUR under the furthest neighbor clustering algorithm (version 1.2; P.D. Schloss and J. Handelsman, http://www.plantpath.wisc.edu/fac/ joh/dotur.html). We defined the phylotypes as sequences showing >96% identity according to the clustering algorithm. The analyses of rarefaction curves [20] and Chao1 richness estimators [21] were conducted with the program DOTUR. The differences between clone libraries were statistically examined by the program ò-LIBS-HUFF v1.3 [22] , with permutating the clones of compared libraries 10,000 times. The distance matrix analyzed by ò-LIBSHUFF was generated using the ARB software with the Jukes-Cantor model. The representative clone of each phylotype was examined for its entire nucleotide sequence with sequencing primers described previously [18] , and used for the phylogenetic analyses. A large phylogenetic tree, including all the phylotypes, was constructed by the neighbor-joining method with the unambiguously aligned sequences, using MEGA version 2.1 [23] based on the distance matrix with the Jukes-Cantor model. A phylogenetic relationship among Actinobacteria members was inferred by the maximum likelihood method using PHYML 2.4 [24] under the TN93 model, with gamma distributed rate variation and a proportion of invariable sites. The statistical significance of the inferred topology was tested by bootstrap analysis (1000 data resamplings).
Fluorescence in situ hybridization (FISH)
The gut wall fraction was prepared and homogenized harshly with a pestle. The cells were fixed as described previously [9] and spotted onto a silane-coated glass slide (Matsunami Glass, Osaka). Cryosectioning of the gut along with the entire termite body was conducted basically by the method of Thimm and Tebbe [25] . Paraformaldehyde (4%)-fixed specimens of the termite were treated with 10%, 20% and 30% sucrose sequentially and embedded in OCT tissue-freezing medium (Tissue-Tek, Sakura Finetechnical, Tokyo). Sections with a thickness of 20 lm were cut in a cryostat (Reichert-Jung Cryocut 1800, Leica Microsystems, Tokyo) with a hand-driven microtome, and transferred onto the silane-coated glass slide. FISH was performed at 48°C according to the methods described previously [8, 9] . A sequence-specific probe Actino837 (5 0 -ACA-GAATCCGTGGAATGGAC-3 0 ) was designed in this study, which was labeled at the 5 0 -end with either 6-FAM or Texas-Red. The oligonucleotide probe sequence has been deposited at probeBase (http:// www.microbial-ecology.de/probebase/). The probe specificity was checked with Probe Match in Ribosomal Database Project-II (http://rdp.cme.msu.edu/). The previously reported probe for general eubacteria (EUB338 [26] ), which binds to most eubacterial cells and was labeled at the 5 0 -end with Texas-Red, was used as a control for the permeability of the cells. It was noted that not all bacterial cells were targeted by the EUB338 probe [27] . In fact, 11% of the R. speratus gut clones used in a large phylogenetic tree (Supplementary Figure) , particularly all the clones in Planctomycetes and Verrucomicrobia as noticed previously [27] , had 1-3 base-mismatch in the target sequence. In the case of FISH against cells generated by homogenization of the gut wall fragments, the 6-FAM-labeled specific probe was used simultaneously with the Texas-Red-labeled general eubacterial probe. For enumeration, the cells were treated with 1% NP-40 before the fixation, washed and hybridized as described above. About 20 microscopic fields containing an average number of 85 DAPI-stained cells were enumerated. This detergent treatment disrupted almost all physical interactions of the cells, thus reducing the background autofluorescence of the microscopic fields. The general eubacterial probe detected 89 ± 11% of the DAPI-stained prokaryotic cells in the gut wall fraction. Since autofluorescence of arthropod tissues is problematic in the case of FISH against the cryosections as shown previously [25] , we only used the TexasRed-labeled probes. We distinguished the autofluorescence from the hybridization signals by overlaying images incorporated with the filter sets for both Texas-Red and 6-FAM. The autofluorescence gave amorphous yellow or yellow-green signals, but the hybridization gave red signals. The previously reported probe for spirochetes of the termite Treponema cluster I [9] was also used as a control for FISH against the cryosections.
Results
Comparison of T-RFLP profiles
The gut wall and the gut luminal fractions of R. speratus were carefully prepared, the latter containing both free-swimming and protist-associated bacteria. The prokaryotic cell count in the gut luminal fraction (2.71 ± 0.41 · 10 7 cells/gut) was five-fold higher than that in the gut wall (5.35 ± 0.30 · 10 6 cells/gut). The cell abundance in the whole gut of this termite was 2.81 ± 0.34 · 10 7 cells/gut. Differences in bacterial communities between the gut wall and the gut lumen were investigated by T-RFLP profiles of PCR-amplified 16S rRNA gene fragments (Fig. 1) . For comparison, the whole gut was also analyzed. Considerable diversity of the profiles was obtained from the gut wall (MDt = 33.06), which was slightly higher than that from the gut lumen (MDt = 25.52) and from the whole gut (MDt = 27.17). The profile of the gut wall was clearly distinct from those of the gut lumen and of the whole gut. Indeed, the Sørensen and the Morisita-Horn indices of shared similarity of the profiles between the gut wall and the gut lumen were 0.32 and 0.25, respectively. Those indices between the gut wall and the whole gut were 0.37 and 0.25, respectively, while those between the gut lumen and the whole gut were 0.71 and 0.76, respectively. The results suggested that bacteria associated with the gut wall were significantly different from those swimming freely or associated with the protists.
Clone-based comparison
The PCR-amplified 16S rRNA gene fragments were cloned and the bacterial composition associated with the gut wall was compared with that in the gut luminal fraction. From the gut wall, two clone libraries prepared from independent PCRs were constructed, and 71 and 62 clones (a total of 133 clones) were analyzed, respectively. The two libraries from the gut wall showed very similar rarefaction curves (data not shown). They were sorted into 75 phylotypes at the criterion of >96% sequence identity. From the gut lumen, 89 clones in a single clone library were sorted into 43 phylotypes. The rarefaction analysis (Fig. 2) indicated that the diversity in the clone library was higher in the case of the gut wall than of the gut lumen, although neither the gut wall nor the gut lumen showed sufficient diversity coverage. Indeed, expected numbers of the phylotypes with the Chao1 richness estimator were 159.1 (95% confidence interval, 121.4-226.9) for the gut wall and 76.5 (57.6-119.9) for the gut lumen, although this richness estimator tends to underestimate when the sample size is small [21] . The differences between the clone libraries were compared with the ò-LIBSHUFF test. Although the difference of the two libraries from the gut wall was insignificant (P = 0.5626 and 0.6931 for libraries 1 versus 2 and 2 versus 1, respectively), the differences between the gut wall libraries and the gut lumen library were significant, showing all the P values <0.0001. Fig. 3 showed the relative clone abundance in each of the bacterial phylogenetic groups. Previously published Fig. 1 . T-RFLP profiles of 16S rRNA gene fragments amplified from the gut wall fraction (wall), the gut luminal fraction (lumen) and the whole gut. The profiles with HaeIII digestion are shown. The horizontal axis indicates the size of T-RFs (base) and the vertical axis indicates the relative fluorescence intensity. The major peaks assigned to certain bacterial groups are labeled and marked with their predicted T-RFs. Based on the clone analysis, the T-RF of 224 base is predicted as Actinobacteria in the gut wall fraction, but this T-RF peak potentially contains Spirochaetes members because some clonesequences of this group share the T-RF of the identical size. data from the whole gut bacterial community [5] were included for comparison. It was noted that Actinobacteria and Firmicutes were abundant in the gut wall libraries (16% and 33%, respectively), whereas these groups were less abundant in the gut lumen library (1.1% and 6.7%, respectively). The members of the TM7 phylum were detected only in the clone library of the gut wall (4.5% of clones). Clones of Bacteroidetes and Proteobacteria were abundant in the gut wall (23% and 22%, respectively), as well in the gut lumen and in the whole gut. In contrast, Spirochaetes and the Termite group 1 (TG1) phylum, abundant in both the gut lumen and the whole gut, were low in clone numbers in the gut wall library (6.8% and 1.5%, respectively).
Phylotypes abundant in clone numbers in the gut wall and the gut lumen libraries are listed in Table 1 . The phylotype RsW01-017 in Actinobacteria was the most abundant in the gut wall libraries, consisting of 16 clones (see also Fig. 4 ). These abundant phylotypes probably represented the major bacterial constituents in each fraction. Indeed, most of their predicted restriction fragments corresponded to the major peaks detected in the T-RFLP analysis (Fig. 1) . Their corresponding phylotypes have been reported previously from the whole gut of the same termite species [5] , suggesting that they represent significant populations in the whole gut community. Particularly in the case of the phylotypes from the gut luminal fraction, the corresponding phylotypes were also abundant in the clone library from the whole gut [5] . The affiliations of the other 67 phylotypes from the gut wall, which was not listed in Table 1 , were: 28 in Firmicutes, 12 in Bacteroidetes, 9 in Spirochaetes and so on (see Supplementary Figure) .
Between the gut wall and the gut lumen, only 10 phylotypes were shared: 6 in Spirochaetes, 2 in Bacteroidetes, 1 in Betaproteobacteria and 1 in Gammaproteobacteria. These overlapping phylotypes corresponded to only 16% and 39% of the clones from the gut wall and from the gut lumen, respectively. Thirty-eight phylotypes from the gut wall (37% of the clones) and 14 from the gut lumen (17%) had no corresponding phylotype from the whole gut of the same termite species reported previously [5, 6] . Among these non-overlapping phylotypes, two shared the phylotype-level sequence identity with the sequences reported in other termite species (published only in the databases [AB062820 and AJ419820]) and one matched with the same R. speratus species sampled in a different area (Y. Hongoh, unpublished data), and the remaining 49 sequences were novel phylotypes not seen before in termite guts.
FISH identification
We designed a sequence-specific probe for the most abundant phylotype RsW01-017/Rs-Q42 from the gut wall, and successfully detected the corresponding bacterial cells in the gut wall fraction by FISH. Rod-shaped bacteria (0.4 lm · 1.8 lm) forming sheet-like structures were detected, suggesting their colonization on the gut wall as a single layer (Fig. 5) . Fig. 5(a) shows that the cells constituted a raft, adhering to each other by some extracellular materials, but cells attached to fragments of gut tissue resulting from homogenization were also frequently observed (data not shown). The cells detected by this probe accounted for up to 17 ± 18% of DAPIstained prokaryotes in the gut wall fractions. The FISH against the cryosections of the gut confirmed the association of bacteria corresponding to this phylotype with the gut wall (Fig. 5) . The specific signal with this probe was obtained along with the gut epithelium in the paunch region, the anterior, voluminous hindgut portion. The signal seemed to distribute uniformly around the circumference of the paunch wall, but rarely occurred in the posterior portion of the gut. The control probe for general eubacteria not only detected bacteria on the gut wall but also in the radial central part of the gut, while another control probe for spirochetes in the termite Treponema cluster I [9] mostly showed signals in the central part of the gut.
Discussion
Distinct spatial distribution patterns of symbiotic bacterial communities
Our results indicate that the bacterial community inhabiting the gut wall is distinct from that able to move around freely or associated physically with gut protists. The similarity indices of T-RFLP profiles and the statistical comparison of the clone library of each fraction clearly show their differences. The bacterial compositions at either the phylum-or the phylotype-levels also differ between the gut wall and the gut luminal fractions. It is noted that, among a total of 108 phylotypes found in this study, only 10 were shared between the two fractions. As clearly documented in our previous reports about spirochetes [8, 9] , the populations associated with the gut protists and swimming freely in the gut are completely distinct at least at the phylotype-level. These results indicate that members of the symbiotic bacterial community in the termite gut show distinct spatial distributions depending on individual species, and that they have established their own microhabitats or niches in the gut.The resident bacteria on the gut wall are considered to be more diverse than those in the gut lumen. All of the divergence index, the rarefaction curve and the Chao1 richness estimator showed more or less higher diversity in the gut wall fraction. This suggests that a wide variety of bacteria is able to associate with and to colonize on the gut wall, directly or indirectly. The tree was inferred by the maximum likelihood method with 1,273 unambiguously aligned nucleotide positions. Phylotypes determined in this study are indicated in bold. Phylotypes named ÔRsW01-Õ and ÔRsW02-Õ are from the gut wall fraction and those named ÔRsC01-Õ are from the gut luminal fraction. Previously reported phylotypes from the whole gut community of R. speratus [5] are named only ÔRs-Ô. Asterisks denote novel phylotypes found in this study. The sequences of RsW01-017 and Rs-Q42 are assigned to the same phylotype. Only partial DNA sequences of the phylotypes RsC01-078, RsW02-079 and RsW02-099 were determined, but they were assignable to previously reported sequences from R. speratus. BCf9-11 and COB P3-21 are reported from the termites, Coptotermes formosanus and Cubitermes orthognathus, respectively. Clone numbers from each fraction are shown in parentheses when multiple clones are present (phylotypes of single clone, not indicated). The vertical bar indicates the family Propionibacteriaceae. The bracket indicates the taxa sharing the identical target sequence of the FISH probe (Actino837). As stated in the text, some species of Propionibacterium and Actinomycetales (represented by Corynebacterium) had identical target sequences, but the taxa used here did not. Bootstrap values above 50% are indicated at nodes. Scale bar represents 0.10 substitutions per nucleotide positions.
However, their abundance on the gut wall was five times lower than that in the gut luminal fraction. Indeed, the bacterial community in the whole gut was reflected more by the community in the gut lumen than by that on the gut wall, which was clearly shown by the shared similarity indices of T-RFLP profiles and the clone analyses. Concerning the clone analyses, 87% of the clones from the gut luminal fraction shared the previously reported phylotypes from the whole gut. Because the bacterial community on the gut wall is heterogeneous and relatively minor in the whole gut, we actually found 38 novel phylotypes from the gut wall.
FISH analysis reveals the phylotype RsW01-017
The FISH analyses show that the member of Actinobacteria represented by the phylotype RsW01-017 colonizes as a single layer on the gut wall in the paunch region. Electron microscopical observations reported previously in the related termite, R. flavipes [11] , demonstrate that a single layer of rod-shaped bacteria densely colonizes the gut epithelium in the paunch region. The morphological feature is similar to the Actinobacteria detected here, although further investigations are necessary to conclude their identity. The relationship with cocci, detected by FISH using the probe for high G+C content gram-positive bacteria on the gut wall of the termite M. darwiniensis [14] , is uncertain. The probe (Actino837) shares identical sequences with Propionibacterium granulosum and some species of Mycetocola and Leifsonia in Actinomycetales, but not with the other phylotypes from termites, even if two nucleotide mismatches are allowed for comparison. We examined several different temperature conditions (42-56°C) for the FISH detection. Although the signal intensity decreased with increasing temperatures, only cells of similar morphology were detected under all the conditions (data not shown), indicating that the detection was specific for the phylotype RsW01-017.
This RsW01-017 phylotype had no close relative among known species, but phylogenetically belonged to the family of Propionibacteriaceae ( [28] and references therein). Most members of this family are non-motile and either aerobes or facultative anaerobes, and many accumulate polyphosphate in their cells. However, we have no evidence for the polyphosphate accumulation in the gut wall-colonizing bacteria, which should have given strong signals by DAPI staining. Further experiments such as elimination of other members from the gut community may lead to inferences about the dependence on or the competition with other members. Such experiments may also help guide a rational strategy to obtain the Actinobacteria member in culture for detailed study. 
Adherence to and metabolism around the gut wall
Attachment to the gut wall is also known for protist species belonging to the order of Oxymonadida. Two species of the genus Pyrsonympha among 11 protist species present in the gut of R. speratus have attachment organelles or holdfasts on their anterior cell portion to adhere on the gut wall [29] . The adherence of these protists to the gut wall is observed in this termite, but it is occasional and not abundant. Among the ten phylotypes common to both the gut wall and the gut luminal fractions, three phylotypes are identical to the spirochetal phylotypes identified as ectosymbionts of oxymonad protists in this termite (RsDiSp8, RsDiSp9, and RsDiSp12 [8] ). Thus, the spirochetes are probably associated indirectly with the gut wall through the adherence of these oxymonad protists. The three spirochetal phylotypes consisted of only 1 single clone from the gut wall in each case, but amounted to 20% of the clones from the gut luminal fraction. The fact that some phylotypes are shared between the fractions suggests their moderate affinity for attachment to the gut wall. Probably, there is a spectrum of wall-associated bacteria with some being firmly attached and others loosely attached.
The colonization on the gut wall is thought to be advantageous for the retainment of the symbionts in the gut in order to resist the flow of food and turbulent dispersals by the rapidly moving protists. The abundant bacterial groups detected in the gut wall fraction, such as Actinobacteria, Bacteroidetes, Clostridiales and Lactococcus, include many non-motile species. In contrast, spirochetes and Desulfovibrio, abundant in the gut lumen, are well-known for their high motility, which probably allows them to maintain their position within the gut. Association with the gut protists is another strategy for gut bacterial symbionts to resist the gut fluid flow. Spirochetes [8] [9] [10] and the TG1 of bacteria [30, 31] are known for the physical associations with gut protists. It is noted that, in the Termite group 1, the phylotypes found in the gut luminal fraction formed completely distinct lineages from those found on the gut wall (see Supplementary Figure) .
The gut wall is considered to be the place for oxygen penetration into the gut through termite tissue, and a steep gradient of oxygen occurs near the gut wall, rendering the central gut part anoxic [15] . This microoxic condition has a pronounced impact on the gut metabolism, as shown by the isolated strains of lactic acid bacteria [32] and sulfate-reducing bacteria [33] , and explains the presence of strict aerobes in the gut. Many members of Actinobacteria, Proteobacteria and Lactococcus, which are abundant on the gut wall, are aerobes or facultative anaerobes. On the other hand, members of Bacteroidetes and Clostridiales are often strict anaerobes, but they are abundant in clones in the gut wall fraction. Probably, they are at least tolerant to the microoxic condition.
This study and those reported previously [8] [9] [10] 13, 14] demonstrate that the termite symbionts in the gut are unevenly distributed and share distinct niches. Since the gut microorganisms form a complex symbiotic community consisting of diverse, yet-uncharacterized species, the complete elucidation of its community structure is thought to be very hard. However, the distribution of individual members is gradually unveiling. Although fractionation of the community members is advantageous to examine their distribution, their exact localizations should be investigated in situ, particularly under the condition that retains the structural integrity of the gut community. Sectioning of the gut is powerful for this purpose, as shown here and previously [14, 34] . Furthermore, the function of the respective populations in relation to their spatial distribution is considered very important for understanding the nature of this symbiotic system.
